INTRODUCTION
Photovoltaic generation systems are usually low-power sources connected to the distribution network. As solar modules represent a voltage (current) dc-source, they must be connected to the grid through an electronic power converter producing low-distortion ac current. Utility distribution systems were not designed for accommodating power generation especially not during system disturbances.
Because the converter's operation is highly dependent on the voltage at the point of connection the interaction between the network and such generation system should be analysed. In this paper the behaviour of a photovoltaic generation system in case of distribution network voltage sags is investigated by means of digital simulation.

PHOTOVOLTAIC
GENERATION SYSTEM MODELLING
The complete photovoltaic (PV) generation system consists of a solar cell module together with a dc-dc converter, a dc-ac converter and a coupling inductance [1] . Solar cell modules can be modelled as voltage/current sources with the U-I characteristic dependent on temperature and irradiation. A solar module requires proper regulation of the operating voltage to produce maximum power at given ambient conditions. The operating voltage at which the solar module delivers maximum power is computed by the implemented maximum power point tracking algorithm (MPPT). Based on the MPPT voltage the dc-dc boost converter regulates the solar module output voltage. A PV system simulation model is developed in the PSCAD program and is shown in Fig. 1 . In the simulated example the solar cell module and the dc/dc converter were modelled as an externally driven current source. The dc current i dcSol driving the dc current source is calculated in every time step from the solar cell power and according to the voltage calculated by the MPPT algorithm. For the dc to ac conversion a single-phase full bridge PWM converter is used. The converter is connected to the network through a coupling inductance (L) and it has a capacitor (C) on the dc side. For the generation of required ac voltage a constant dc-link voltage is essential. Therefore, the converter has to regulate the voltage of the dc-link capacitor (C). The PV system is connected to the 10 kV distribution network through a 10 kV/0.4 kV transformer. The response of the modelled PV g eneration system to voltage sags in the distribution network is analysed in this paper. In the following sections the individual components of the modelled PV generation system are presented.
Solar Cell Module and MPPT Algorithm
A physical solar cell is modelled as a dc-current source with a diode connected in parallel [2] . The model is represented in Fig. 2 . The dc-source current is dependent on temperature (T) and irradiation (G). Resistance R s represents the losses in the circuit. The output voltage of the solar cell module is u dcSol . In given ambient conditions a solar cell delivers a peak power only at a certain operating point -called the maximum power point. Since a solar cell operates in different weather conditions the optimal operating point changes with irradiation and ambient temperature. Therefore optimal operating voltage has to be applied to achieve the maximum power of the solar cell. This can be achieved by using a maximum power point tracking (MPPT) algorithm [3] . In this study a simple and robust MPPT algorithm was used. For each ambient operating condition the U-I characteristic of the solar cell and the corresponding power curve are calculated. The algorithm is fast and stable but requires the knowledge of the solar cell parameters that enable the calculation of its U-I characteristic. On the basis of the solar cell model and the MPPT algorithm the current i dcSol of the dc current source (Fig. 1) is calculated.
Dc-ac Converter
The dc-ac converter generates sinusoidal ac voltage from dc voltage. The converter is a classical single-phase H-bridge converter with a capacitor on the dc side as already represented in Fig. 1 . The converter is connected to the network through a coupling inductance and it enables the exchange of active and reactive power with the network. The switching pulses are generated by means of PWM.
Equivalent circuit. The equivalent circuit of the dc-ac converter is shown in Fig. 3 . The dc-ac converter is modelled as a voltage source u p ' that is shunt connected to the network through the reactance L' and the resistor R' that represents the losses of the coupling circuit [4] . The converter's dc circuit is represented by a current source i dc ' connected to the capacitor C'. The connection of resistance R c ' enables representation of the losses in the dc circuit. The connection between the ac and the dc circuit is defined with the switching function describing the converter valves switching operation. The connected solar cell (with MPPT) is represented by the current source i dcSol '. The current between the PV system and the network is dependent on the difference between the network voltage u i ' and the generated converter voltage u p '. In case of a network voltage sag due to a fault the voltage difference changes almost instantly. The response of the PV system to such fault is highly dependent on the dc-ac converter control algorithm that should maintain the power exchange with the network at a constant value. A control algorithm is proposed next.
DC-AC CONVERTER CONTROL ALGORITHM
In this section the mathematical model of a dc-ac converter (represented with the equivalent circuit in Fig. 3 ) is derived first. The model is developed in the rotating d-q coordinate system. Based on the converter's mathematical model a decoupled control algorithm is developed enabling independent control of active and reactive power [5] .
Mathematical model. For the transformation of single-phase currents and voltages into the rotating d-q reference frame the transformation given in Eq. 1 is used. Fig. 3 .
In the presented d-q mathematical model there are two adjustable parameters (d pd and d pq ) and three variables (i pd ', i pq ' and u dc '). With one parameter the reactive current component can be controlled independently while the other free parameter is used to maintain a constant dc voltage across the dc-side capacitor. Therefore, the active power is regulated by means of the converter dc-capacitor voltage control, whereas the reactive power can be controlled to the desired value.
Control Algorithm Derivation
The control algorithm is derived from the mathematical model in Eq. (3) [5] . From the first matrix on the right side of Eq. 
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C C I I R R E E D D
SIMULATION RESULTS
The dynamic response of the proposed photovoltaic generation system to distribution network voltage sags with different magnitudes and phase angles is evaluated next. When a voltage sag occurs the dc-ac converter has to change its output voltage in order to maintain the required power exchange with the network. The network fault was simulated with the connection of the 10 kV distribution line to the ground over a resistor. The fault is applied at t=0.4 and cleared at t=0.7. The network voltage drops for approximately 0.3 pu (0.7 pu voltage sag). Two cases were simulated. In the first case the fault is applied when the network voltage instantaneous value is zero and in the second case when the network voltage is at peak value. In both cases the parameters given in Eq. (6) were used for the dc-ac converter (values are given in pu). The reference reactive current is set to zero and the reference dc voltage was set to 1.1 pu. In Fig. 6 the instantaneous voltage and current are given (u L1 and i L1 ). In Fig. 7 and 8 the same quantities are shown as in Fig. 5 and 6 but for the second simulated case. In both simulated cases the dc voltage remains relatively constant and after transient conditions the active and reactive powers are regulated to a constant value equal to the one before the fault. During the fault the converter current increases so that the active power remains constant. The converter operation remains stable for voltage sags to around 0.6 pu (0.4 pu voltage drop). If the fault is applied at peak network voltage high short-term overcurrent occurs.
CONCLUSIONS
In this paper the behaviour of a photovoltaic (PV) generation system in case of distribution network voltage sags was investigated. For the control of the dc-ac converter a decoupled control algorithm in the d-q frame is presented. The control algorithm maintains the power exchange with the network at a constant value. The PV system showed good performance under fault conditions. The operation remains stable for voltage sags to around 0.6 pu. Additional investigation is required in connection with the dynamics of the MPPT algorithm. Namely, the algorithm used in our paper is very fast in contrast to practical solutions where the response of the MPPT is in the range of few seconds. 
